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(57) ABSTRACT

A semiconductor chip cooling system having a body that
forms a cavity configured to create a spray chamber when
conformingly adjoined to a chip, or to a substrate or printed
circuit board carrying one or more chips. Inkjet-type spray-
ers are configured to spray cooling fluid down on the chip.
A controller transmits a control signal to the sprayer to cause
the sprayer to spray at a rate leading to the cooling fluid
being vaporized by the semiconductor device. The cooling
system uses cooling fluid surface tension forces to draw
liquid cooling fluid up a porous member from the spray
chamber back to the sprayers, to be sprayed again. The
cooling system uses gravity and/or pressure within the spray
chamber to direct vaporized cooling fluid upward from the
spray chamber to a condenser. The condenser 1s configured
to cool and condense the vapor. A reservoir 1s positioned
below the condenser and above the sprayers so as to receive
condensed vapor from the condenser and feed it to the
Sprayers.

36 Claims, 5 Drawing Sheets
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PASSIVE SPRAY COOLANT PUMP

The present application claims priority from U.S. provi-
sional patent application, Serial No. 60/271,277, filed Feb.
22, 2001, which 1s incorporated herein by reference for all
PUrpOSES.

The present 1nvention relates generally to cooling sys-
tems for heat-generating devices and, more particularly, to a
spray cooling system and a method of using the spray
cooling system to cool one or more semiconductor compo-
nents (i.c., chips).

BACKGROUND OF THE INVENTION

With the advent of semiconductor devices having increas-
ingly large component densities, the removal of heat gen-
crated by these devices has become an increasingly chal-
lenging technical 1ssue. Moreover, device miniaturization
has led device designers to integrate previously separate
components, such as those used to create a cache for a
microprocessor, 1nto the microprocessor die. This consoli-
dation of devices has resulted in high CPU core power
density, and extreme power dissipation requirements.

The use of boiling/vaporizing methods with 1nert cooling,
fluids provides cooling levels that can meet extreme cooling
requirements. While pool boiling (i.e., submerging a chip in
coolant) provides significant gains over traditional air
cooling, spray cooling (i.c., spraying the chip with coolant)
presently provides the highest heat dissipation levels for a
heat-generating device such as a semiconductor chip. The
best results are obtained when the coolant 1s uniformly
sprayed over each area having a uniform dissipation require-
ment. The mass tlow rate of sprayed coolant should be at a
level such that the energy needed to vaporize the sprayed
coolant matches the power dissipation requirements of the
device.

With reference to FIG. 1, 1n single, high-dissipation, spray
cooling system, an 1nert spray coolant from a reservoir 11 1s
preferably sprayed by a group of one or more sprayers 13
onto an aligned group of one or more chips 15 mounted on
a printed circuit board 17. The coolant preferably
evaporates, dissipating heat within the chip. The sprayers,
the chips and the board are mounted within an evacuated and
scaled case 19 fixed within a computer system. The sprayed
coolant 1s typically gathered and cooled within a condenser
21, and then routed back to the reservoir by a pump 23. For

semiconductor devices, low boiling point fluids such as
3IM® FC-72 (FED. CIR.-72, i.e., FLUORINERT®, sold by

3M® Corporation), 3M’s Novec line of fluids (HFE 7100,
etc., sold by 3M® Corporation) or PF-5060 are among a
number of known suitable cooling liquids.

Modern systems using high-dissipation chips frequently
have a variety of chips requiring different levels of cooling,
only some of which are extreme. Depending on an electronic
system’s design, components containing these chips can be
located throughout the system. Because they have high
dissipation requirements, the chips are not easily cooled
using conventional air-cooling. Because the chips are spread
out, they are not easily cooled by high-dissipation spray
cooling systems, which are typically complex systems. Such
cooling systems will typically require either the expense of
providing separate components for each individual cooling
system, or the expense of interconnecting a group of cooling
systems to one or more shared components (e.g., shared
pumps, condensers and/or reservoirs). Therefore, high-
dissipation cooling systems can be expensive and compli-
cated to 1mplement 1 complex systems having numerous
hot components.
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The nozzle design 1s a key component of spray cooling.
Pressure assisted and gas assisted nozzles are known
designs. However, these types of nozzles are limited 1n their
ability to control the mass flow rate at which they spray.
Therefore, they can cause “pooling” (i.€., a buildup of liquid
on the cooled device due to excessive spray rates), which
decreases spray cooling effectiveness.

Additionally, pressure-assisted spraying requires one or
more high pressure pumps that provide a precise pressure to
pump the liquid through a nozzle, even at varying flow rates.
Both the distribution and the flow rate of the sprayed liquid
can change with variations 1n the driving pressure and/or
small variations 1n the nozzle construction. Thus, the cooling
system 1S a sensitive and potentially expensive device that
can be a challenge to control. Gas atomized spraying
requires the delivery of both cooling fluid and a pressurized
ogas to a spray head in a precise manner. Because the gas
must be pressurized separately from the cooling fluid, such
systems are not typically closed systems, which invites
contamination. Thus, both types of spray cooling system are
sensifive and potentially expensive devices that can be a
challenge to control.

Furthermore, spray cooling systems rely on both active
sprayer systems and active condensing systems to operate. If
cither system fails, the cooling system likely becomes
moperative, potentially leading to the failure and destruction
of the cooled component(s).

Accordingly, there has existed a need for a spray cooling
system that can be implemented efficiently and cost effec-
tively in multiple locations 1n a complex system with high
reliability. Various embodiments of the present invention
satisly these and/or other needs, and provide further related
advantages.

SUMMARY OF THE INVENTION

In various embodiments, the present invention solves
some or all of the needs mentioned above by providing a
cooling system that efficiently operates on high-dissipation
devices using reliable, passive coolant pumps to cycle
coolant.

The system 1s configured for transferring cooling fluid,
which has been sprayed by a sprayer head onto a heat source,
back up from a pool to the sprayer head. The system features
a member extending from the pool to the sprayer head, the
member forming a passageway leading from the pool to the
sprayer head. The member 1s configured such that cooling
fluid surface tension forces will draw the cooling fluid
upward through the passageway from the pool to the sprayer
head. Advantageously, the member provides a passive pump
that does not require power, a control system or moving
parts. It 1s thus relatively durable and reliable. The system
further features a porous material configured to increase the
pumping ability of the passive pump.

The system includes a condenser configured to remove
heat from vaporized coolant, and a reservoir 1n fluid com-
munication with the condenser. The reservoir receives cool-
ant that 1s condensed by the condenser. The system features
a structure defining an open passageway extending from the
spray chamber to the condenser. The passageway advanta-
geously provides for vaporized coolant to pass to the con-
denser under gravitational and vapor pressure forces without
the need for an active pump.

Other features and advantages of the invention will
become apparent from the following detailed description of
the preferred embodiments, taken 1n conjunction with the
accompanying drawings, which 1illustrate, by way of
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example, the principles of the invention. The detailed
description of particular preferred embodiments, as set out
below to enable one to build and use an embodiment of the
mmvention, are not mtended to limit the enumerated claims,
but rather, they are intended to serve as particular examples
of the claimed invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a system layout of a spray cooling system.
a first

FIG. 2 1s a cross-sectional, elevational view of
embodiment of a cooling system of the invention.

FIG. 3 1s a cross-sectional view of a pair of incremental
sprayers as used 1n the cooling system depicted 1n FIG. 2.

FIG. 4 1s a cross-sectional, elevational view of a second
embodiment of a cooling system of the 1nvention.

FIG. 5§ 1s a cross-sectional, elevational view of a third
embodiment of a cooling system of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The mvention summarized above and defined by the
enumerated claims may be better understood by referring to
the following detailed description, which should be read
with the accompanying drawings. This detailed description
of particular preferred embodiments of the invention, set out
below to enable one to build and use particular implemen-
tations of the invention, 1s not intended to limit the enumer-
ated claims, but rather 1t 1s intended to provide particular
examples thereof.

Evaporative spray cooling promises to be a technology
that can deliver high performance cooling. To minimize the
installation and operating costs, while maximizing the
reliability, it 1s preferable to use passive systems rather than
active ones. The present invention resides 1n a preferably
closed loop, integrated, single chip or multi-chip module-
level spray cooling system, preferably comprising thermal
inkjet heads, a condenser, a reservoir and a passive coolant
pump. The design 1s preferably a singular assembly that can
be attached to the device(s) that need to be spray cooled.

With reference to FIG. 2, a first embodiment of a cooling
system provides for cooling a component including one or
more heat-producing devices such as chips 101 composed of
heat-generating semiconductor devices. The cooling system
includes a body forming a cooling cap 103, and one or more
sprayers on a sprayer head 105. The cap and sprayer head are
preferably imntegrated 1nto a single cooling assembly. The cap
1s configured to form a spray chamber 107 1n which cooling
fluid can be sprayed into thermal contact with, and prefer-
ably directly onto, the chip. The sprayer head includes a
manifold inlet 109 for recerving cooling fluid 1n a liquid state
from a reservoir 111. A member 113 extends from the
sprayer head’s manifold inlet down to the bottom of the
spray chamber with respect to gravity. The member 1is
configured as a passive, capillary-action coolant pump to
pump any liquid cooling fluid that has formed a pool 115 in
the spray chamber upward to the sprayer head.

Preferably, the cap 103 includes a concave portion having
surfaces that form a cavity configured to conformingly
adjoin to one or more surfaces of a component substrate 117
that 1s both electrically connected to and carrying the chips
101. The substrate can be a plastic, silicon, ceramic or
composite material or the like, or even a printed circuit
board or other device directly or indirectly carrying one or
more heat sources. The component substrate and chip form
a package with which the cap 1s associated. The package 1s
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preferably 1n the conventional form of an integrated circuit
component that has not received an encapsulant or lid.

When the cavity of the cap conformingly adjoins the
component substrate, the spray chamber 107 1s formed,
containing at least the portions of the semiconductor devices
to be spray cooled. The adjoined cap positions the sprayer
head 105 to spray the chips 101, and preferably aligns them
to each other. The cap 1s preferably made of a material
having a thermal coeflicient of expansion substantially
matching that of the component substrate. Preferably, the
cap 1s retained against the component substrate by an
adhesive, a clamping mechanism, fasteners, or other
attachment-type mechanisms, and a seal 1s formed such that
liquid and vapor cooling fluild do not escape the spray
chamber other than through designed orifices. The compo-
nent substrate 1s preferably configured to be vapor and liquid
tight, but could be configured with an orifice leading to an
exterior member rather than the interior one shown. The cap
forms a package-level cooling system to be affixed to the
package and thereby form a cooled package.

The sprayer head 105 1s configured to spray coolant 119
onto the one or more chips 101, which heats and vaporizes
at least some cooling fluid. The cooling fluid vapor that
forms during the cooling process 1s retained 1n the spray
chamber 107, dissipating its heat into the walls of the spray
chamber and then condensing into the pool. The chamber
walls 1n turn dissipate the heat via any of a variety of
standard heat sink technologies.

Preferably, the sprayers in the sprayer head 105 are
incremental sprayers configured to eject an incremental
amount of the cooling fluid on the chips. The cooling fluid
1s typically sprayed in response to an energizing control
signal, which 1s sent to the sprayers by a controller. The
quantity of liquid sprayed from incremental sprayers can be
highly controllable, such as by controlling the rate at which
incremental amounts of cooling fluid are ejected.

A preferred type of incremental sprayer for the sprayer
head 105 1s an inkjet-type sprayer. In particular, with refer-
ence to FIG. 3, which shows two thermal inkjet ('TLJ)
sprayers, each TIJ sprayer includes structure defining an
ejection chamber 201 for receiving a predetermined portion
of cooling fluid, and a heater 203 for vaporizing a sub-
portion of the predetermined portion cooling fluid to create
the pressure to eject an incremental amount of cooling fluid
through an orifice 205 that directs the ejected cooling fluid

toward the chip 101 (FIG. 2). The orifices are preferably
formed 1n a flexible polymer tape 207, e.g., a polyimide tape

such as 1s sold under the mark KAPTON.®

Afhixed to a back surface 209 of the tape 207 1s a silicon
substrate 211 containing the heaters 203, imn the form of
individually energizable thin-film resistors. Each heater is
preferably located on a side of the ejection chamber 201
across from the ejection chamber’s orifice 205. Cooling tluid
1s preferably drawn and loaded 1nto the ejection chamber by
capillary action from a manifold passage 213, as 1s typical
for an ink-jet type device. Preferably, a computerized con-
troller (not shown) energizes the heater, vaporizing the
portion of the cooling fluid adjacent to the heater. The
vaporized cooling fluid expands, expelling most of the
non-vaporized cooling fluid out of the orifice, typically in
the form of one or more droplets.

With reference to FIGS. 2 and 3, to form a passive
capillary-action pump, the member 113 preferably forms a
passageway leading from the pool 115 to the manifold inlet
109 of the sprayer head 105. The member 1s configured such
that coolant surface tension forces will draw the coolant
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upward from the pool to the manifold inlet. In particular, the
member preferably includes a tubular portion 131 extending
from the pool 115 to the manifold inlet 109, forming the
exterior of the passageway, and a porous material 133
contained within the tubular portion. The tubular portion can
optionally be formed entirely within the walls of the cooling
cap 103, or can even extend outside the cooling cap. The
upper end of the tubular portion forms the reservoir 111.

The passageway formed through the pores of the porous
material 133, within the tubular portion 131, 1s preferably
characterized by a continually varying cross-section along a
vertical axis. The porous material can be a sponge, sintered
copper, fiber bundles, grooved metal, wire mesh, or the like.
A number of potentially usable porous materials are used in
the art of heat pipes.

The porous material’s pore size 1s small enough for
capillary/surface tension forces to draw the liquid coolant up
to the top of the tubular portion 131 and into the porous
material 1n the reservoir 111. Preferably, the pore size is
small enough to cause the coolant to rise to a level 135 at
least partway up the reservoir. More preferably it will fill the
reservoir, placing the fluid in thermal contact with the top of
the reservoir, and thus the heat sink that tops the package.
Even more preferably, the pore size 1s such that the surface
tension forces are strong enough to raise the fluid higher, 1t
the reservoir were extended upward. This might empower
the tubular portion to draw fluid up at a higher rate of speed,
allowing spray at a greater rate.

The reservoir extends above the sprayer head’s manifold
inlet 109, and the pore size of the porous material 1s also
selected to be large enough to allow the sprayer head’s
manifolds, leading from the manifold inlet 109 to the
ejection chambers 201, to draw coolant from the porous
material via capillary forces and/or gravity.

Optionally, part or all of the tubular portion can be vacant
of porous material. In that case, that portion of the tubular
portion 1s preferably configured with a cross sectional area
such that capillary forces of the coolant within the tubular
portion can draw the coolant upward to the porous material
or the manifold inlet. In particular, porous material might not
be needed 1n the lower portions of the tubular portion, where
wider passage size may be adequate to raise the fluid for a
limited distance. Alternatively, 1if the system contains
adequate coolant to assure that the pool will keep the end of
the tubular portion submerged, a greater length of the tubular
portion, perhaps extending all the way up to the reservorr,
can be left without porous material, as the capillary forces in
the porous material might syphon the coolant up the lower
part of the tubular portion.

Preferably the cooling system i1s designed to hold a
continuing pool 115 of liquid below the chip 101 to maintain
a continuous lime of liquid throughout the member 113.
Preferably the entire reservoir 1s contained within the porous
material 133. The pool can optionally be designed to contact
lower portions of the chip, so long as the sprayed portions
do not become submerged. Furthermore, the member can be
designed with multiple branches that contact different parts
of the spray chamber, allowing the device to be used in
varying orientations with respect to gravity. Indeed, the
entire spray chamber can be lined with porous material to aid
in drawing excess fluid from around the chip.

The incremental sprayers can alternatively be based on
other types of mk-jet droplet expelling technology, such as
piezoelectric technology (i.e., piezoelectric nozzles).
Examples of this technology are discussed in numerous U.S.

Patents, including U.S. Pat. Nos. 5,924,198, 4,500,895, and
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4,683,481, which are incorporated herein by reference for all
purposes. Other thermal 1nk-jet technologies can likewise be
appropriate for use for inkjet spray cooling. A highly pref-
erable cooling fluid for use with a thermal incremental

sprayer 15 3M® FLUORINERT®, which 1s adaptable to
existing thermal 1nk-jet technology.

With reference to FIG. 4, a second embodiment of the
invention also provides for cooling a component mncluding
one or more heat-producing devices such as one or more
chips 301 composed of heat-generating semiconductor
devices. Similar to the first embodiment, the cooling system
includes a body forming a cooling cap 303, and one or more
sprayers 1n a sprayer head 305. The cap and sprayer head are
preferably mtegrated into a single cooling assembly. The cap
1s configured to form a spray chamber 307 1n which cooling
fluid can be sprayed into thermal contact with, and prefer-
ably directly onto, the chip. The sprayer head includes a
manifold inlet 309 for receiving coolant 311 1n a liquid state
from a reservoir 313. The reservoir 1s 1 fluid communica-
tion with, and preferably forms a single chamber that is
integral with, a condenser 315. The cap includes structures
to adjoin to a substrate 317, similar to the first embodiment.

The sprayer head 305 1s configured to spray coolant 311
onto the chip 301, which heats and vaporizes at least some
of the coolant. Any coolant that does not vaporize runs off
the chip onto the substrate, and eventually evaporates from
heat 1n the surrounding environment, such as heat radiating
from the chip and/or the substrate, which may be heated by
the chip. Alternatively, the liquid coolant can be pumped up
to the reservolr 313. If the liquid 1s to be pumped, the pump
is preferably a passive, capillary-action pump (i.e., a device
that moves fluid upward through capillary forces) as
described above, rather than an active mechanical pump that
can suffer from mechanical reliability problems. This is
further described 1n the third embodiment, below. As in the
first embodiment, preferably, the sprayer head 3035 includes
incremental sprayers, and more preferably, incremental T1J
Sprayers.

The coolant vapor 1s directed or fed to the condenser 3135,
through one or more vapor pipes configured for carrying
vapor. In particular, a vapor pipe can be formed from
external structure 321 that forms an unobstructed passage-
way from the spray chamber to the condenser, or from
internal structure 323 of the cooling cap that forms an
unobstructed passageway from the spray chamber to the
condenser. The vaporized coolant flows to the condenser via
gravity (1.e., buoyancy), and/or via vapor static pressure that
builds up 1n the cavity. If the reservoir and condenser are
formed integrally (as shown), the pipe preferably opens into
the condenser at a level above the fluid level in the reservorr.

The condenser 315 can be any of a variety of designs
using various heat sink technology. Vapor condensed in the
condenser flows via gravity to join the liquid 1n the reservoir
313. The reservoir 1s preferably located above the sprayer
head, such that gravity (and/or capillary forces) will draw
the liquid into the sprayer manifold 309 from the reservoir
to service the spray nozzles. A passive thermosyphon pump
1s thus created that does not require an active pump to move
cooling fluid through the closed loop system.

With reference to FIG. 5, a third embodiment of a cooling
system provides for cooling a component including one or
more heat-producing devices such as chips 401 composed of
heat-generating semiconductor devices. The third embodi-
ment combines features of the first two embodiments and
should be understood to incorporate their features.

The cooling system 1ncludes a body forming a cooling cap
403, and at least one sprayer 1n a sprayer head 4035. The cap
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and sprayer head are preferably integrated into a single
cooling assembly. The cap 1s configured to form a spray
chamber 407 1in which cooling fluid can be sprayed into
thermal contact with, and preferably directly onto, the chip
401. The sprayer head includes a manifold inlet 409 for
rece1ving cooling fluid 1n a liquid state from a reservoir 411.
Preferably, the cap includes a concave portion having sur-
faces that form a cavity coniigured to conformingly adjoin
to one or more surfaces of a component substrate 413 that 1s
both electrically connected to and carrying the chip 401. The
sprayer head 4035 1s configured to spray coolant 415 onto the
one or more chips 401, which heats and vaporizes at least
some cooling fluid.

A member 417 extends from the sprayer head down to the
bottom of the spray chamber with respect to gravity. The
member 1s configured as a passive, capillary-action pump to
pump any liquid cooling fluid that has formed a pool 419 in
the spray chamber upward to the sprayer head. The member
preferably includes a tubular portion 421 and a porous
material 423 contained within the tubular portion.

The coolant vapor 1s directed or fed to a condenser 425,
through structure 427 forming one or more internal or
external vapor pipes configured for carrying vapor to the
condenser of the cooling cap, the pipes forming a relatively
unobstructed passageway from the spray chamber to the
condenser. The vaporized coolant flows to the condenser via
gravity (i.e., hot gas rising), and/or via vapor static pressure
that builds up in the spray chamber. If the reservoir and
condenser are formed integrally, the pipe preferably opens
into the condenser at a level above the fluid level 1n the
reservolr. The reservoir and condenser are configured such
that coolant that condenses 1n the condenser flows into the
reservolr, and most preferably into the porous material of the
capillary pump.

Preferably, the sprayer head’s sprayers are incremental
sprayers configured to eject an incremental amount of cool-
ing fluid on the chips. A preferred type of incremental
sprayer 1s an inkjet-type sprayer.

As 1n the first embodiment, the porous material’s pore size
1s small enough to draw the liquid coolant up the tubular
portion 421 and into the porous material 423 1n the reservoir
411. Preferably, the pore size 1s small enough to cause the
coolant to rise to a level partway up the reservoir, but large
enough so that it either does not reach the top of porous
material, or 1t only barely reaches the top. The reservoir
extends above the sprayer head’s manifold inlet 409, and the
pore size of the porous material 1s also selected to be large
enough to allow the sprayer head’s manifolds, leading from
the manifold 1nlet to the ejection chambers, to draw coolant
from the porous material via capillary forces and/or gravity.

For mkjet spray cooling systems to function at optimal

efficiency, the sprayers’ mass flow rate (m.) is preferably
adjusted to avoid having the semiconductor device become
either dry or immersed. However, using some embodiments
of the present invention, excess spray can be efficiently
removed from the spray chamber.

The heat sinks used 1n the above-described condensers
can be any of a wide number of known types, such as air
cooled, liquid cooled, refrigerated, and the like. Alternate
variations of these embodiments could comprise other types
of incremental spraying mechanisms, such as piezoelectric
sprayers, or other spraying mechanisms including non-
incremental sprayers. In short, the above disclosed features
can be combined 1n a variety of configurations within the
anticipated scope of the invention. Furthermore, embodi-
ments of the invention can incorporate various combinations
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of the spray cooling apparatus described in U.S. Pat. No.
6,205,799, which 1s incorporated herein by reference for all
PUIrpoSEs.

Generally speaking, many embodiments of the invention
can be configured to be pressed onto, and develop a water-
tight seal with, a component-carrying device, such as the
ones depicted m FIGS. 2, 4 and 5. Alternatively, embodi-
ments of the invention could press directly onto a covered
component, or onto a component substrate carrying an
uncovered chip. Alternative attachment means, such as using
adhesives, are also within the scope of the ivention.

While the most preferred of these embodiments of the
invention are configured to replace the existing technology
cover-packages with spray caps incorporated into device
packages, there can be many other configurations embody-
ing the invention. For example passive pumps can be used
in traditional spray-cooling chambers that contain multiple
semiconductor components on a printed circuit board.

It 1s to be understood that the invention comprises appa-
ratus and methods for designing cooling systems and for
producing cooling systems, and the apparatus and methods
of the cooling system 1itself. Additionally, the various
embodiments of the invention can incorporate various com-
binations of the features disclosed above 1n generally dis-
cussing an inkjet spray cooling system, and can be designed,
made and operated using related methods (or portions
thereof) as described above for the inkjet spray cooling
system.

Furthermore, 1t 1s to be understood that cooled

components, cooled singly or in groups as described above,
can be mounted on circuit boards to form systems including
one or more circuit boards carrying one or more cooled
components that are electronically interlinked via the circuit
boards. Such systems are also within the scope of the
invention. Additionally, groups of the cooled components
combined with one or more cooling fluid condensers that
cool fluid from numerous cooled components are also within

the scope of the mvention.

While particular forms of the invention have been 1llus-
trated and described, it will be apparent that various modi-
fications can be made without departing from the spirit and
scope of the invention. Thus, although the invention has
been described 1n detail with reference only to the preferred
embodiments, those having ordinary skill in the art will
appreciate that various modifications can be made without
departing from the scope of the invention. Accordingly, the
invention 1s not intended to be limited by the above
discussion, and 1s defined with reference to the following
claims.

We claim:

1. An apparatus for transferring cooling fluid, which has
been sprayed by a sprayer head onto a heat source, upward
with respect to gravity to the sprayer head, wherein at least
some cooling fluid has formed a pool, comprising:

a member extending from the pool to the sprayer head;

wherein the member forms a passageway leading from the
pool to the sprayer head; and

wheremn the member 1s configured such that coolant
surface tension forces will draw the cooling fluid
upward from the pool to the sprayer head.

2. The apparatus of claim 1, the sprayer head including a
manifold configured to feed cooling fluid to a nozzle of the
sprayer head, wherein the member 1s configured such that
coolant surface tension forces within the manifold will draw
cooling fluid from the passageway into the manifold.

3. The apparatus of claim 1, wherein the member 1is
configured such that the passageway 1s characterized by a
continually varying cross-section along a vertical axis.
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4. The apparatus of claam 3, wherein the member com-
PIISES:
a tubular portion; and

a porous portion contained within the tubular portion, the
passageway being formed through the pores of the
porous portion.

5. The apparatus of claim 4, wherein the porous portion 1s

a fiber bundle.

6. The apparatus of claim 4, wherein the porous portion 1s

composed of sponge.

7. The apparatus of claim 4, wherein the porous portion 1s

composed of sintered copper.
8. The apparatus of claim 4, wherein the porous portion 1s
a length of grooved metal.

9. The apparatus of claim 4, wherein the porous portion 1s
a wire mesh.

10. The apparatus of claim 4, the sprayer head including
a manifold configured to feed cooling fluid to a nozzle of the
sprayer head, wherein the pore size of the porous portion 1s
selected such that coolant surface tension forces within the
manifold will draw cooling fluid from the passageway into
the manifold.

11. The apparatus of claim 1, and further comprising:

a condenser coniigured to receive and cool vaporized
coolant;

a reservolr 1n fluid communication with the condenser
such that vaporized coolant that i1s condensed by the
condenser passes into the reservoir, wherein the reser-
voir 1s configured to feed liquid coolant to the sprayer

head; and

a structure deflning a passageway extending from the
spray chamber to the condenser.

12. A system for cooling a component with a sprayed

cooling fluid, comprising:

a body configured with a cavity to be retained against the
component, wherein when the cavity is retained against
a portion of the component, the cavity 1s configured to
form a spray chamber in which the cooling fluid can be
sprayed into thermal contact with a portion of the
component;

a sprayer head configured to spray the portion of the
component when the cavity 1s retained against the
component, and

a member extending from the gravitational bottom of the
chamber to the sprayer head, wheremn the member
forms a passageway leading from the gravitational
bottom of the chamber to the sprayer head, and wherein

the member 1s configured such that coolant surface

tension forces will draw liquid cooling fluid upward
from the gravitational bottom of the chamber to the
sprayer head.

13. The system of claim 12, wherein member 1s integral
with the body.

14. The system of claim 12, wherein the member 1is
coniigured such that the passageway 1s characterized by a
continually varying cross-section along a vertical axis.

15. The system of claim 14, wherein the member com-
PIISES:

a tubular portion; and

a porous portion contained within the tubular portion, the
passageway being formed through the pores of the
porous portion.

16. The system of claim 12, wherein the sprayer head
includes an incremental sprayer configured to eject incre-
mental amounts of cooling fluid onto the component in
response to a control signal.
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17. The system of claim 16, wherein the incremental
sprayer 1s a thermal inkjet-type sprayer.

18. The system of claiam 16, and further comprising a
controller configured to transmit a control signal to the
incremental sprayer such that the incremental sprayer ejects
incremental amounts of cooling fluid at a rate leading to the
cooling fluid being vaporized by the component.

19. The system of claim 12, and further comprising:

a condenser configured to receive and cool vaporized
coolant; and

a reservolr in fluid communication with the condenser
such that vaporized coolant that i1s condensed by the
condenser passes into the reservoir, wherein the reser-
voir 1s configured to feed liquid coolant to the sprayer

head;

wherein the body forms an open passageway leading from

the spray chamber to the condenser.

20. The system of claim 19, wherein the sprayer head
includes an incremental sprayer configured to eject incre-
mental amounts of cooling fluid onto the component in
response to a control signal.

21. The system of claim 20, wherein the incremental
sprayer 1s a thermal inkjet-type sprayer.

22. The system of claim 20, and further comprising a
controller configured to transmit a control signal to the
incremental sprayer such that the incremental sprayer ejects
incremental amounts of cooling fluid at a rate leading to the
cooling fluid being vaporized by the component.

23. A cooled component, comprising;

a component;
a coolant for spray cooling the component;

a sprayer head configured to eject the coolant into thermal
contact with the component;

a housing forming a chamber 1n which the sprayer head
can spray coolant into thermal contact with the com-
ponent; and

a member extending from the gravitational bottom of the
chamber to the sprayer head, wherein the member
forms a passageway leading from the gravitational
bottom of the chamber to the sprayer head, and wherein
the member 1s configured such that coolant surface
tension forces will draw liquid coolant upward from the
gravitational bottom of the chamber to the sprayer
head.

24. The cooled component of claim 23, wherein the
member 1s configured such that the passageway 1s charac-
terized by a continually varying cross-section along a ver-
tical axis.

25. The cooled component of claim 24, wherein the
member comprises:

a tubular portion; and

a porous portion contained within the tubular portion, the
passageway being formed through the pores of the
porous portion.

26. The cooled component of claim 23, wherein the
sprayer head includes an incremental sprayer configured to
eject incremental amounts of cooling fluid onto the compo-
nent 1n response to a control signal.

27. The cooled component of claim 26, wherein the
incremental sprayer 1s a thermal inkjet-type sprayer.

28. The cooled component of claim 26, and further
comprising a controller conficured to transmit a control
signal to the incremental sprayer such that the incremental
sprayer ejects incremental amounts of cooling fluid at a rate
leading to the cooling fluid being vaporized by the compo-
nent.
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29. The system of claim 23, and further comprising;: 34. A method for transferring a liquid cooling fluid, which
a condenser configured to receive and cool vaporized has been sprayed by a sprayer head onto a heat source,
coolant; and upward with respect to gravity, from a pool of the cooling
a reservolr in fluid communication with the condenser fluid to the sprayer head, comprising:
such that vaporized coolant that i1s condensed by the . providing a member to extend from the pool to the sprayer
condenser passes into the reservoir, wherein the reser- head;
vorr 1s configured to feed liquid coolant to the sprayer wherein the member forms a passageway leading from the
head; pool to the sprayer head; and
wherein the housing forms an open passageway leading 10 wheremn the member 1s configured such that coolant
from the spray chamber to the condenser. surface tension forces will draw the cooling fluid
30. The system of claim 29, wherein the sprayer head upward from the pool to the sprayer head.
includes an mcremental sprayer configured to eject incre- 35. The method of claim 34, the sprayer head including a
mental amounts of cooling fluid onto the component in  manijfold configured to feed cooling fluid to a nozzle of the
response to a control signal. 15 sprayer head, wherein the member is configured such that
31. The system of claim 30, wherein the incremental coolant surface tension forces within the manifold will draw
sprayer 1s a thermal inkjet-type sprayer. cooling fluid from the passageway into the manifold.
32. The system of claim 30, and further comprising a 36. An apparatus for transferring cooling fluid that has
controller configured to transmit a control signal to the been sprayed in a spray chamber by a sprayer head onto a

incremental sprayer such that the incremental sprayer ejects ,o heat source, back to the sprayer head, comprising:
incremental amounts of cooling fluid at a rate leading to the

cooling fluid being vaporized by the component.
33. An electronic device, comprising:

a means for transferring sprayed cooling fluid from the
spray chamber, upward with respect to gravity, to the
sprayer head, wherein the means for transferring oper-

a plurality of the cooled components of claim 23; ates without moving parts.

wherein the plurality of cooled components are electri- 25
cally interconnected. S I
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